Mechanistic models for biochemical systems are frequently proposed from structural data. Site-directed mutagenesis can be used to test the importance of proposed functional sites, but these data do not necessarily indicate how these sites contribute to function. In this study, we applied an alternative approach to the catalytic mechanism of alkaline phosphatase (AP), a widely studied prototypical bimetallo enzyme. A third metal ion site in AP has been suggested to provide general base catalysis, but comparison of AP with an evolutionarily related enzyme casts doubt on this model. Removal of this metal site from AP has large differential effects on reactions of cognate and promiscuous substrates, and the results are inconsistent with general base catalysis. Instead, these and additional results suggest that the third metal ion stabilizes the transferred phosphoryl group in the transition state. These results establish a new mechanistic model for this prototypical bimetallo enzyme and demonstrate the power of a comparative approach for probing biochemical function.
Introduction
Understanding the link between molecular structure and biological function is a central goal of modern biochemistry. Over the last two decades, an explosion of structural data has led to deep insights into the mechanisms of fundamental biological processes. Mechanistic models proposed from such structures are often tested by site-directed mutagenesis, with detrimental effects on activity indicating that the mutated sites are functionally significant.
However, there is a major limitation to this approach because mutagenesis data that imply functional significance do not necessarily demonstrate how a given site contributes to function.
Alkaline phosphatase (AP) is one of the best-studied enzymes and serves as a prototype for a wide variety of enzymes that use two metal ions to catalyze phosphoryl transfer reactions. [1] [2] [3] [4] In APcatalyzed phosphate monoester hydrolysis, two active-site Zn 2+ ions coordinate the nucleophile and the leaving group, respectively, and a nonbridging oxygen atom of the transferred phosphoryl group is coordinated between the two Zn 2+ ions (Fig. 1) . A third metal ion site near the bimetallo site contains a Mg 2+ ion, and it has been suggested that a Mg 2+ -bound hydroxide ion acts as a general base to deprotonate the Ser nucleophile (Fig. 2a) . 2, 7 This model was proposed based on inspection of X-ray crystal structures and has been widely accepted in the literature. [8] [9] [10] [11] [12] [13] [14] Mutagenesis of the Mg 2+ ligands has large detrimental effects on phosphate monoester hydrolysis, 15, 16 suggesting that the Mg 2+ site is functionally significant, but this outcome is consis- site to catalysis and does not specifically support the general base model. Indeed, alternative models for the contribution of the Mg 2+ site have been proposed, as discussed below, 5 and further functional studies are necessary to resolve this ambiguity and to dissect catalysis and specificity in bimetallo enzymes.
Functional studies of biochemical systems frequently take advantage of comparisons between wild-type (WT) and mutant proteins, between different types of substrates, and between evolutionarily related proteins. The relatively recent realizations that protein families can be grouped into evolutionarily related superfamilies 17 and that many enzymes have the ability to promiscuously catalyze the reactions of their evolutionary relatives [18] [19] [20] provide powerful new opportunities to test mechanistic models using all three types of comparisons in a single system. Structural comparisons of evolutionarily related enzymes can be used to identify the active-site features that allow similar enzymes to catalyze different reactions; mutagenesis studies can test the functional significance of these active-site groups; and comparisons of the reactivity of different types of substrates in the same active site can be used to test models for how the different structural features contribute to catalysis of distinct reactions.
Recent studies of evolutionarily related enzymes in the AP superfamily provide an opportunity to test mechanistic models with this comparative approach. AP preferentially hydrolyzes phosphate monoesters and has a low level of activity for phosphate diester hydrolysis. 21 In contrast, nucleotide pyrophosphatase/phosphodiesterase (NPP), an evolutionarily related member of the AP superfamily, uses a structurally indistinguishable bimetallo site ( Fig. 1 ) but preferentially hydrolyzes phosphate diesters. 5 The preferences of AP and NPP for phosphate monoester and diester substrates are reversed by ∼10 15 -fold, 5, 21 raising the question of what active-site features provide specificity for different reactions and how they contribute to catalysis. A prominent difference between AP and NPP is the presence of a Mg 2+ site in AP that is absent in NPP (Fig. 1) . 5 The Mg 2+ site is conserved in AP orthologs across a wide range of bacterial and eukaryotic species, 1, 22 and the residues that occupy the corresponding site in NPP are similarly widely conserved. 5 If the Mg 2+ site contributes to general base catalysis in AP-catalyzed phosphate monoester hy- Fig. 1 . Active-site schematics for AP and NPP highlight similarities and differences between these AP superfamily members. 2, 5, 6 Functional groups unique to AP are shown in blue, whereas functional groups unique to NPP are shown in green. Conserved functional groups are shown in black. The phosphate ester substrates are depicted in terms of a transition-state representation with partial bond formation and bond cleavage. No information about bond orders and bond lengths is implied. drolysis, 2,7 the simplest expectation is that a general base would also be important for NPP-catalyzed phosphate diester hydrolysis. The absence of the Mg 2+ site in NPP and the lack of any other candidate general base in NPP prompted us to reexamine the contribution of the Mg 2+ site to specificity and catalysis in AP. The results provide evidence against a general base model and instead suggest the importance of additional catalytic interactions beyond the bimetallo core, demonstrating and exemplifying the power of these multifaceted comparisons for understanding the relationship between structure and function within an enzyme active site.
Results
The specificity difference between AP and NPP To determine how the Mg 2+ site of AP ( Fig. 1 ) affects phosphate monoester and diester hydrolysis reactions, we undertook a combined structural and functional study motivated by comparisons between the evolutionarily related enzymes AP and NPP. The comparisons described below are based on differences in values of k cat /K M †, as these differences determine the specificity between two competing substrates. 23 The overall specificity difference between phosphate monoester and diester reactions in AP and † k cat /K M reflects the difference in free energy between the transition state for the first irreversible reaction step and the ground state of free enzyme and substrate in solution. Thus, comparisons of k cat /K M for two substrates reflect the same free enzyme ground state, unlike comparisons of k cat , which may already include differences in active-site interactions between substrates in the ground-state E • S complexes. Comparisons of k cat can be further complicated if nonchemical steps, such as product release, are rate determining, as is the case for AP at alkaline pH. 1 We further note that k cat cannot be measured for the promiscuous reactions described below because these substrates do not saturate at achievable concentrations. 20, 22, 23 For the reactions discussed in this work, the first irreversible step that limits k cat /K M is the chemical step involving departure of the leaving group, except for the reaction of WT AP with pNPP 2− in which a binding or conformational step is rate determining. [24] [25] [26] Scheme 1. Substrates used in this study.
NPP is N10
12 -fold. This specificity difference is based on the preference of AP for the monoester pnitrophenyl phosphate (pNPP 2− ) over the simple diester methyl-p-nitrophenyl phosphate (MpNPP − ) (Scheme 1) and on the preference of NPP for the diester substrate thymidine-5′-monophosphate-pnitrophenyl ester over the monoester pNPP 2− (see Supplementary Discussion for comparison with the previously reported value of 10 15 -fold obtained using bis-pNPP − as the model diester substrate for AP). 5 Previous structural and functional comparisons of AP and NPP identified functional groups distinct from the bimetallo Zn 2+ site that are responsible for about half of the difference in specificity. In AP, Arg166 contributes to preferential monoester hydrolysis by directly interacting with two charged nonbridging oxygen atoms of phosphate monoester substrates (Fig. 1) . 21, 24 In NPP, a hydrophobic pocket contributes to preferential diester hydrolysis by providing specific binding interactions to the second ester functional group (henceforth referred to as the R′ group) on diester substrates (Fig. 1 (Fig. 3a) . 5 One of the protein ligands, Asp51, is also a Thr155, Glu322, Asp51, and three water molecules (blue spheres) coordinate Mg 2+ in an octahedral geometry. Asp51 is also a Zn 2+ ligand (see Fig. 1 
Zn
2+ ligand and corresponds to Asp54 in NPP. Another protein ligand, Thr155, is the ninth residue in a stretch of 54 residues that has no structural homology to NPP. The remaining protein ligand, Glu322, is structurally homologous to Tyr205 in NPP. 5 In NPP, Tyr205 occupies the region corresponding to the Mg 2+ site and forms a hydrogen bond with Asp54 (Fig. 3b) . We therefore prepared a mutant of AP with Glu322 mutated to Tyr (E322Y AP) with the prediction that the Mg 2+ ion would be displaced by the Tyr hydroxyl group.
To assess the structural consequences of the Tyr mutation, we determined the X-ray crystal structure of E322YAP complexed with inorganic phosphate. As expected, the hydroxyl group of Tyr322 occupies the region corresponding to the Mg 2+ site in WT AP and is positioned to form a hydrogen bond with Asp51 ( Fig. 3c and d [29] [30] [31] To assess the full effect, we measured rate constants for the reaction of E322Y AP with two alkyl phos- b E322Y AP (after Zn incubation) was incubated in a ZnCl 2 solution for N5 days as described in Methods. E322Y AP (before Zn incubation) was not subjected to this incubation. E322Y AP samples were then dialyzed as described in Methods with 10 μM ZnCl 2 . Control samples with additional 10 μM MgCl 2 gave identical results within error, and addition of 1 mM MgCl 2 had no effect on activity.
c The estimated errors were obtained from independent repeat measurements. The estimated errors and detection limits in absolute metal and phosphorus contents were scaled by the protein content (typically ∼2.5 μM in a 4-mL sample) for comparison with the ratios reported above. Rate constants were measured in 0.1 M NaMops, pH 8.0, 0.5 M NaCl, and varying amounts of Mg 2+ and Zn 2+ salts as necessary for full enzyme activity (always ≤1 mM) at 25°C. Rate constants for WT and R166S AP are from previous work 21, [25] [26] [27] [28] [29] 32 except those for the reaction of WT AP with MpNPP 1− , which were obtained in this study. The uncertainties for the values of k cat /K M , defined as the standard deviations for repeated measurements, are within ±30%.
a Not determined. b k rel is the ratio of the rate constants for monoesterase (pNPP 2− ) and diesterase (MpNPP
phates, m-nitrobenzyl phosphate (mNBP 2− ) and methyl phosphate (MeP 2− ) (Scheme 1). The reactions of these substrates with WT AP are limited completely (for MeP 2− ) or partially (for mNBP 2− ) by the chemical step. 25, 29 The values of k cat /K M for E322Y AP-catalyzed mNBP 2− and MeP 2− hydrolysis reactions are 6 × 10 5 -fold and 7 × 10 5 -fold slower than those for WT AP, respectively (Table 2) , much larger effects than observed with pNPP 2− . To test for energetic cooperativity between the Mg 2+ site and Arg166, which also has a large effect on monoesterase activity, we prepared the double mutant R166S/E322Y. Large decreases in phosphate monoesterase activity were observed upon mutation of Glu322 to Tyr in the background of R166S AP. The value of k cat /K M for R166S/E322Y AP-catalyzed pNPP 2− hydrolysis was 6 × 10 4 -fold smaller than that for R166S AP ( Table 2 ). For the reaction of R166S/E322Y AP with mNBP 2− , only an upper limit for the value of k cat /K M could be determined due to the presence of a slight contaminating activity in the enzyme preparation (see Methods). With this upper limit, the k cat /K M value for R166S/E322Y AP-catalyzed mNBP 2− hydrolysis was ≥ 1 × 10 5 -fold smaller than that for R166S AP ( Table 2 ). The limit observed for R166S/E322Y AP relative to R166S AP with mNBP 2− as a substrate (≥ 1 × 10 5 -fold) is similar to the decrease observed for E322Y AP relative to WT AP (6 × 10 5 -fold), suggesting that there is little or no cooperativity between Arg166 and the Mg 2+ site in their contributions to catalysis. This result is consistent with the observation that the position of Arg166 is unperturbed in the structure of E322Y AP relative to WT AP.
Although removal of the Mg 2+ site from AP has large detrimental effects on phosphate monoester hydrolysis, the physical basis for how the Mg 2+ site contributes to catalysis is not obvious. A Mg 2+ -bound hydroxide ion could serve as a general base, as suggested previously 2, 7 ( Fig. 2a) . Alternatively, the Mg 2+ ion could interact with and stabilize the transferred phosphoryl group, either through the bimetallo Zn 2+ site via its contact with Asp51 ( Fig.  2b) or through a coordinated water ligand (Fig. 2c) . In any of these cases, removal of the Mg 2+ ion would have a detrimental effect on phosphate monoester hydrolysis. To provide further insight into the role of the Mg 2+ site in catalysis, we measured rate constants for E322Y AP-catalyzed reactions with phosphate diesters and sulfate monoesters, substrates that are proficiently hydrolyzed by other members of the AP superfamily. 33, 34 The subtle structural differences between these substrates and phosphate monoesters provide a means to incisively assess different models for how active-site functional groups contribute to catalysis.
Removal of Mg
2+ has no significant effect on phosphate diester reactions Remarkably, given its large detrimental effect on phosphate monoester hydrolysis, removal of the Mg 2+ site from AP has no significant effect on phos- (Table 2) . Similarly, the values of k cat /K M for the reactions of R166S/E322Y AP with MpNPP − and bis-pNPP − are only 2-to 3-fold slower than the values for R166S AP (Table 2) . Whenever rate constants for cognate and promiscuous reactions are compared, control experiments are necessary to confirm that the observed reaction of the promiscuous substrate arises from the same active site that catalyzes the cognate reaction, not from a small amount of a proficient contaminating enzyme. Identical inhibition of the monoesterase and diesterase activities by inorganic phosphate confirmed that these reactions occurred in the same active site for both E322Y and R166S/E322Y AP ( Supplementary  Fig. 4 ).
The small effects on diesterase activity observed upon removal of the Mg 2+ site in AP can be rationalized in terms of the ability of the related enzyme NPP to proficiently hydrolyze phosphate diesters using an active site similar to AP but lacking a Mg 2+ site ( Fig. 1) . Nevertheless, the differential effect on monoesters and diesters is striking: removal of the Mg 2+ site from AP has effects of up to 10 6 -fold on phosphate monoester hydrolysis but an effect of only ∼ 2-fold on diester hydrolysis.
To determine if the presence of the Tyr residue at position 322 is important for maintaining diesterase activity after the Mg 2+ ion has been removed, we also prepared E322A AP. The rate constants for E322A AP-catalyzed hydrolysis reactions of pNPP 2− , MpNPP − , and bis-pNPP − are all within 2-fold of the rate constants for the corresponding E322Y APcatalyzed reactions ( Table 2 ), suggesting that the observed effects arise entirely due to the absence of the Mg 2+ site and not from the presence of the Tyr residue in its place. The small differences in reactivity between Tyr and Ala at position 322 in AP are similar to the small effects observed upon mutation of NPP Tyr205 to Ala (J.G.Z. and D.H., unpublished results).
The observation that removal of the Mg 2+ site has a large detrimental effect on phosphate monoester hydrolysis but has no significant effect on phosphate diester hydrolysis provides strong evidence against the model in which a Mg 2+ -bound hydroxide ion serves as a general base (Fig. 2a) , as activation of the Ser nucleophile would be expected to be important for both phosphate monoester and diester hydrolysis reactions, which proceed with concerted nucleophilic attack and departure of the leaving group ‡ 14 . Indeed, if general base catalysis were operative, a larger detrimental effect would be expected for phosphate diesters because nucleophilic participation in the transition state is greater for phosphate diesters than monoesters.
14,35 ‡ k cat /K M is limited by the chemical step for APcatalyzed monoester and diester hydrolysis reactions, except for the fastest monoester substrates in which a nonchemical step is rate limiting. 22, 25, 29 Two plausible models remain for the role of the Mg 2+ site in catalysis, and each is consistent with the observed effects on phosphate monoester and diester reactions. First, the Mg 2+ ion could contribute positive charge to the bimetallo Zn 2+ site through its contact with Asp51 (Fig. 2b) , which could provide preference for the more highly negatively charged substrates, such as phosphate monoesters relative to phosphate diesters (Scheme 1). Alternatively, as a Mg 2+ -bound water molecule appears to interact with a charged nonbridging oxygen atom of phosphate monoester substrates, loss of this interaction could be responsible for the substantial decrease in phosphate monoesterase activity upon removal of the Mg 2+ site (Fig. 2c) . The small effects of removal of the Mg 2+ site on diester hydrolysis could then be explained if the uncharged oxygen atom (bearing the R′ group) is oriented toward the Mg 2+ site (Fig. 4a) . These two models can be distinguished by their predictions for sulfate monoester hydrolysis; the orientation of the R′ group is addressed later.
2+ has a large effect on sulfate monoester reactions WT AP has a low level of sulfatase activity, with a k cat /K M value of 10 Table 2) for hydrolysis of p-nitrophenyl sulfate (pNPS − ; Scheme 1). 28 Removal of the Mg 2+ site from AP has a large detrimental effect on sulfatase activity (Fig. 5) . The k cat /K M value for the reaction of E322Y AP with pNPS − of 2.9 × 10 −6 M − 1 s − 1 is 3 × 10 3 -fold smaller than the value for WT AP ( Table 2 ). Inorganic phosphate inhibition of the observed sulfatase activity of E322Y AP confirmed that the same E322Y AP active site catalyzes phosphate monoester, phosphate diester, and sulfate monoester hydrolysis reactions ( Supplementary Fig. 5 ). The k cat /K M value for R166S/E322Y AP was below detection limits (≤10
and is therefore at least 10 2 -fold slower than that for R166S AP ( Table 2) .
The observed ∼ 10 3 -fold decrease in sulfatase activity from WT to E322Y AP is large but significantly smaller than the decrease of ∼ 10 6 -fold observed for phosphate monoester substrates (Fig. 5) . Previous studies have demonstrated that removal of AP active-site functional groups can have a differential effect on phosphate and sulfate ester reactions. In particular, removal of Arg166 has a 10 4 -fold effect on phosphate monoester hydrolysis and a 10 2 -fold effect on sulfate monoester hydrolysis. 26, 36 This difference presumably arises because arginine interacts more strongly with the highly charged nonbridging oxygen atoms of a phosphate monoester (Fig. 1) than the less charged sulfate ester. Similarly, removal of the Mg 2+ site and its associated interactions with the substrate, mediated either through space via electrostatic effects or through a hydrogen bond with a coordinated water molecule, would be predicted to have a larger effect on phosphate esters than sulfate esters stemming from differences in total charge on the substrate.
The observation that removal of the Mg 2+ site has a large detrimental effect on sulfate monoester hydrolysis is not consistent with a model in which Mg contributes to catalysis by modulating the properties of the bimetallo Zn 2+ site (Fig. 2b) . This model predicts that removal of the Mg 2+ site would have no significant effect on sulfate monoesters, similar to that observed for phosphate diesters, because the amount of negative charge situated between the two Zn 2+ ions is even less for sulfate monoesters than for phosphate diesters. 37 Instead, removal of the Mg 2+ site has substantial effect on sulfate monoester hydrolysis (Fig. 5) , consistent with a model in which the interaction between a Mg 2+ -bound water molecule and a charged nonbridging oxygen makes an im- portant contribution to catalysis for phosphate and sulfate monoester substrates (Fig. 2c) .
If the Mg 2+ site contributes to catalysis by stabilizing a charged nonbridging oxygen (Fig. 2c) , then the small effects of the Mg 2+ site on diester hydrolysis can only be rationalized if the uncharged oxygen atom (bearing the R′ group) of the diester substrate is oriented toward the Mg 2+ site, as alluded to above (Fig. 4a) . If the phosphate diester substrate positions a charged oxygen atom toward the Mg 2+ site (Fig. 4b) , then a large detrimental effect would be expected upon removal of the Mg 2+ site, but such an effect was not observed. Therefore, the observed data suggest that the R′ group of diester substrates is oriented toward the Mg 2+ site in AP. To test this prediction, we used a thiosubstituted phosphate diester to independently determine the orientation of the R′ group in the AP active site.
Thio effects and the orientation of the R′ group
Phosphorothioates are analogs of phosphate esters with a single sulfur substitution at a nonbridging position (Scheme 1), and the chirality of phosphorothioate diesters provides a means to assess the orientation of the R′ group in the AP active site. The two enantiomers of MpNPPS − (Fig.  6a ) are expected to bind the AP active site in different orientations. The sulfur atom is unlikely to bind between the two Zn 2+ ion, 25, 32 so each enantiomer of MpNPPS − would have only one remaining possible orientation in the AP active site. The R P enantiomer would orient the R′ (methyl) group toward the Mg 2+ site and the sulfur atom toward the backbone amide (Fig. 6b) ; the S P enantiomer would bind with its substituents in the opposite orientation.
Previous work demonstrated that NPP reacts solely with the R P enantiomer, 32 which allows a simple experiment to determine if AP prefers a specific enantiomer of MpNPPS − . NPP was used to react the R p -MpNPPS − enantiomer to completion from a racemic mixture, allowing the unreacted S PMpNPPS − to be isolated and purified (see Methods). AP reacts with racemic MpNPPS − (Supplementary Table 1 ), but no reaction of AP was detectable with purified S P -MpNPPS − , and addition of non-thiosubstituted substrates to the reactions confirmed that the enzyme was fully active in the reaction conditions after incubation with MpNPPS − . The data provide a limit that AP reacts with the R P enantiomer at least 10 2 -fold faster than with the S P enantiomer, suggesting that MpNPPS − preferentially binds in the AP active site with the R′ (methyl) group toward the Mg 2+ site and the sulfur atom toward the backbone amide (Fig. 6b) . This result is consistent with the expectation from the reactivity comparisons of phosphate monoesters, phosphate diesters, and sulfate monoesters described above, which independently suggested that diesters orient the R′ group toward the Mg 2+ site. Additional confirmation that the R′ group is oriented toward the Mg 2+ site comes from comparison of the rate constants for AP-catalyzed reactions of phosphorothioate substrates in the presence and in the absence of the Mg 2+ site. The effects of removal of the Mg 2+ site on the phosphorothioate ester substrates are similar to the effects on their corresponding phosphate ester substrate analogs (Supplementary Table 1 ). Therefore, sulfur substitution does not significantly affect the active-site interactions mediated by the Mg 2+ site. This result suggests, most simply, that the sulfur atom is oriented away from the Mg 2+ site and that the R′ group of the phosphorothioate diester is oriented toward the Mg 2+ site. 
Discussion
Role of the Mg 2+ site in catalysis
Removal of the Mg 2+ site from WT or R166S AP has a substantial detrimental effect on both phosphate and sulfate monoester hydrolysis reactions but does not have a significant effect on phosphate diester hydrolysis (Fig. 5) . The similarities and differences between these substrates, both in their total charges and in the distribution of charge on the transferred phosphoryl or sulfuryl group, allow dissection of how the Mg 2+ site contributes to catalysis. The observation that removal of the Mg 2+ site has a large effect on monoester hydrolysis but no significant effect on diester hydrolysis strongly suggests that the Mg 2+ site does not mediate general base catalysis as previously proposed (Fig. 2a) , 2, 7 as activation of the nucleophile would be expected to be important for both phosphate monoester and diester reactions and indeed more important for phosphate diesters than phosphate monoesters due to the greater nucleophilic participation in the diester transition state. 14, 35 Instead, the simplest model that accounts for the existing functional and structural data is that the Ser nucleophile is present as a Zn 2+ -coordinated alkoxide (Fig. 1) . 29 In this case, a general base would not be necessary to activate the Ser nucleophile.
An alternative model for the contribution of the Mg 2+ site to catalysis was proposed based on the observation that reactivity in AP decreases in the order phosphate monoester N phosphate diester N sulfate monoester. 21, 28 This reactivity order corresponds to the amount of negative charge per nonbridging oxygen atom on each of these substrates: largest for phosphate monoesters, intermediate for phosphate diesters, and smallest for sulfate monoesters. 37 The preference for more negatively charged substrates, such as phosphate monoesters, was suggested to arise from interactions of the bimetallo Zn 2+ site with a nonbridging oxygen atom. 37 The Mg 2+ ion could contribute to this preference by providing additional positive charge to the bimetallo site indirectly via its interaction with Asp51 (Fig.  2b) . 5 This model, in its simplest form, predicts that removal of the Mg 2+ site would have the largest detrimental effect on phosphate monoester hydrolysis, a smaller effect on phosphate diester hydrolysis, and the smallest effect on sulfate monoester hydrolysis. However, removal of the Mg 2+ site had a far larger effect on sulfate monoester hydrolysis than on phosphate diester hydrolysis (Fig. 5) , suggesting that the Mg 2+ site contributes to catalysis through a different mechanism.
The reactivity comparisons discussed above strongly suggest that the Mg 2+ ion contributes to catalysis by interacting with the transferred phosphoryl group indirectly via a coordinated water ligand (Fig. 2c) (Fig. 4a) , then removal of the Mg 2+ site would have no significant effect on phosphate diester hydrolysis. Reactivity comparisons with a chiral thio-substituted diester substrate provided independent evidence that the R′-bearing oxygen atom is oriented toward the Mg 2+ site, as only the R P enantiomer is detectably hydrolyzed by R166S AP (Fig. 6b) .
Implications for active-site interactions
If the interaction between the Mg 2+ -bound water and a charged nonbridging oxygen atom provides a substantial contribution to catalysis for phosphate and sulfate monoesters, why do phosphate diesters fail to take advantage of this interaction? In principle, a diester substrate could orient the R′-bearing oxygen away from the Mg 2+ site (Fig. 4b) , which would position a charged nonbridging oxygen atom toward the Mg 2+ site and provide a significant contribution to catalysis, analogous to the contribution suggested for monoester substrates. Therefore, there must be some energetic factor that favors orienting the R′-bearing oxygen toward the Mg 2+ site and outweighs the potential benefits of orienting the charged oxygen atom toward the Mg 2+ site (see Supplementary Information for additional discussion). Steric constraints could dictate the orientation of the R′ group, but there is no indication of such constraints from the structure of AP. Alternatively, specific contacts between the substrate and the enzyme could be responsible for the orientation of the R′-bearing oxygen. In particular, the structure of AP in complex with a vanadate transition-state analog 6 suggests that the backbone amide of Ser102 donates a hydrogen bond to a substrate oxygen atom in the transition state (Fig. 1) . This interaction could contribute to a preference for the diester to orient a charged nonbridging oxygen atom toward the amide and the R′-bearing oxygen atom toward the Mg 2+ site (Fig. 4a) . Previous comparisons of APcatalyzed reactions focused, perhaps unduly, on the interaction between a nonbridging oxygen atom and the two Zn 2+ ions, 37 but the results outlined here highlight the importance of active-site interactions with all three charged nonbridging oxygen atoms for AP-catalyzed phosphate monoester hydrolysis.
There is ample precedent for the idea that a backbone amide can make a significant contribution to catalysis. Interactions between backbone amides and phosphate monoester nonbridging oxygen atoms are ubiquitous in proteins that bind phosphoryl groups. 38 These interactions play a prominent role in the active sites of protein tyrosine phosphatases, in which a set of six backbone amides and a single arginine residue make all the contacts to the nonbridging oxygen atoms. [39] [40] [41] The prevalence of backbone amides in these systems raises the question of whether the Mg 2+ ion provides any additional benefit to catalysis that could not be supplied by a protein functional group. The choice of a Mg 2+ ion or a protein functional group could simply be a result of different evolutionary paths, and either option could provide an equivalent selective advantage. Indeed, a protein functional group is present in place of the Mg 2+ site in other AP superfamily members that react with phosphate monoester substrates. Cofactor-independent phosphoglycerate mutases (iPGMs) are members of the AP superfamily, and the bimetallo-site ligands and the active-site nucleophile are conserved between AP and iPGM. 33, 34 Instead of a Mg 2+ site, however, iPGM contains a lysine residue positioned to contact a nonbridging phosphate ester oxygen atom, analogous to the proposed contact between a Mg 2+ -bound water molecule and the substrate in AP. 42, 43 Energetic consequences of removal of the Mg 2+ site
Removal of the Mg 2+ site from AP reduces phosphatase activity by up to 7 × 10 5 -fold (Table 2 ), corresponding to an energetic effect of 8 kcal/mol. This effect is significantly larger than the effects that are typically observed upon mutation of hydrogenbonding groups, which range from 2 to 5 kcal/ mol. [44] [45] [46] Thus, there may be additional factors that contribute to the observed effects, beyond, simply, removal of the interaction between the Mg 2+ ion and the transferred phosphoryl group. The E322Y mutation could introduce interactions that are destabilizing for phosphate monoester substrates, although this possibility is unlikely given the similar kinetic parameters for E322Y and E322A AP (Table 2) . Alternatively, removal of the Mg 2+ site could disrupt other interactions that are important for catalysis. An important constraint on this possibility is that the interactions that are disrupted can only contribute to phosphate and sulfate monoester hydrolysis reactions, as removal of the Mg 2+ site has no effect on phosphate diester hydrolysis. Furthermore, the large catalytic contribution from Arg166 is essentially independent of the Mg 2+ -site contribution (see above).
Overview of the reactivity difference between AP and NPP
The Mg 2+ site in AP accounts for ∼ 10 4 -fold of the reactivity difference between AP and NPP (Fig. 7) . The total specificity difference between AP and NPP is N 10 12 -fold, and these enzymes are only 8% identical in sequence. 5 Yet, after accounting for the contributions of the Mg 2+ site, Arg166, and the R′ binding site in NPP, only a 10 3 -fold difference in specificity is left to account for between AP and NPP. Features that could account for this difference remain to be systematically tested.
Implications for the two-metal ion mechanism
The "two-metal ion mechanism" is frequently cited as an explanation for the proficient catalysis of phosphoryl transfer reactions by many enzymes, including polymerases, nucleases, and ribozymes. 3, 4, [47] [48] [49] [50] [51] [52] [53] [54] The two metal ions are suggested to be ideally situated to activate the nucleophile and stabilize charge buildup on both the transferred phosphoryl group and the leaving group in the transition state. This model further suggests that the metal ions are responsible for catalysis of the chemical reaction, while the surrounding protein or RNA functional groups simply serve to position the phosphoryl group with respect to the two metal ions. 3, 49 Inferences about the role of the two-metal ion motif in catalysis have been based largely on structural studies, and comparative studies of AP and NPP allow the role of the bimetallo site itself in specificity and catalysis to be directly addressed with functional comparisons. Table 2 and previous work. 5 Several diester substrates with different R′ groups were used, and (k cat /K M ) monoester refers to the reaction with pNPP 2− in all cases. NPP reacts faster with diesters than with monoesters (blue bars), and k rel increases as the size of the diester R′ group increases. 5 WT AP reacts faster with monoesters than with diesters, and removal of Arg166 and the Mg 2+ site decreases the preference for monoester substrates (red bars; k rel for all AP variants is for MpNPP − relative to pNPP 2− ). The arrows indicate that the fastest reactions at either extreme are not limited by the chemical step (see Supplementary Discussion).
The results described here and previously 5 strongly suggest that the major contributions to the specificity difference between AP and NPP come from functional contacts to the substrate distinct from the bimetallo site rather than from differences in the properties of the bimetallo site itself. Furthermore, these effects are very large, on the order of 20 kcal/mol for the features that distinguish between AP and NPP (Fig. 7) . The functional groups that make important contributions to specificity, and hence to catalysis, include an arginine residue, a binding site for the diester R′ group, and a third metal ion site (Fig. 1) . Indirect evidence suggests that the backbone amide of Ser102 also makes an important contribution to catalysis in AP, and a homologous amide interaction is present in NPP (Fig. 1) . These types of functional groups contribute to catalysis in many enzymes that lack bimetallo sites. It is thus not surprising that they would also contribute to catalysis in the context of a bimetallo active site. Although enzymatic catalysis is frequently discussed in terms, such as the two-metal ion mechanism, that imply a single contribution to catalysis, enzymes have long been recognized to use multiple strategies for catalysis, 55 and bimetallo enzymes appear to be no exception.
Summary and implications
Comparisons of evolutionary homologs and multiple substrates in the same active site provide a powerful approach for understanding enzymatic catalysis, allowing mechanistic models to be evaluated at a level of detail that would not have been possible from analysis of a single site-directed mutant and its preferred substrate. These approaches have been used to elucidate the role of the Mg 2+ site in the AP superfamily, and the results are not consistent with the accepted literature model suggesting that the Mg 2+ ion participates in general base catalysis. Instead, the Mg 2+ ion stabilizes the transferred phosphoryl group in the transition state, and this interaction is distinct from those mediated by the Zn 2+ bimetallo site. The results also suggest that positioning of charged or polar groups to interact with all three nonbridging oxygen atoms of the transferred phosphoryl group is important for catalysis of phosphate monoester hydrolysis. Future functional studies on AP and NPP will further explore the interplay between the metal ions and the surrounding functional groups in catalysis, as well as the mechanisms underlying the observed energetic effects.
Methods

Materials
MpNPP
− was synthesized previously. 27 mNBP 2− was a gift from Alvan Hengge. 56 The disodium salt of MeP − with NPP to completely hydrolyze the R P enantiomer. 32 The S P enantiomer was then purified by HPLC on a C-18 column in 0.1% trifluoroacetic acid and a linear gradient of acetonitrile. All other reagents were from commercial sources. Sitedirected mutants were prepared using a QuikChange site-directed mutagenesis kit (Stratagene).
AP expression and purification
Escherichia coli AP was purified using an N-terminal maltose binding protein (MBP) fusion construct (AP-MBP) in the pMAL-p2X vector (New England Biolabs) constructed previously. 37 This vector includes coding regions for an N-terminal signal peptide for periplasmic export and a Factor Xa cleavage site between MBP and AP that releases E. coli AP residues 1-449 (numbering from after the WT AP signal peptide cleavage site). AP-MBP was used for protein expression because of the higher purity obtainable with the fusion construct and because the mutants used in this study were not stable to heating, a step in the previously described purification of AP. 21 Rate constants obtained for WT and R166S AP purified from the AP-MBP fusion construct were identical with those obtained previously for phosphate monoester and diester reactions with AP expressed from the native promoter and signal peptide. 21 E. coli SM547(DE3) cells 37, 59 containing AP-MBP were grown to an OD 600 of 0.5 in rich medium and glucose (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl, and 2 g of glucose per liter) with 50 μg/mL of carbenicillin at 37°C. IPTG was added to a final concentration of 0.3 mM to induce protein expression. After 6-8 h, cells were harvested by centrifugation. Following osmotic shock and centrifugation, the supernatant was adjusted to 10 mM Tris-HCl, pH 7.4, 200 mM NaCl, and 10 μM ZnCl 2 and filtered through a 0.45-μm membrane (Nalgene). The sample was then loaded onto a 30-mL amylose column (New England Biolabs) at 4°C with a flow rate of ≤2 mL/ min, washed with two to three column volumes of amylose column buffer (20 mM Tris-HCl, pH 7.4, and 200 mM NaCl), and eluted with 10 mM maltose in amylose column buffer. Peak fractions were pooled, and the solution was adjusted to 50 mM Tris-HCl, pH 8.0, 200 mM NaCl, 10 mM maltose, and 5 mM CaCl 2 by addition of appropriate volumes of 1 M Tris-HCl, pH 8.0, and 1 M CaCl 2 . The sample was concentrated by centrifugation through a filter (10-kDa cutoff; Amicon) to ∼ 40-50 mg of free AP per milliliter, and Factor Xa was added to the solution (2 U of Factor Xa per milligram of free AP; Novagen) to cleave the fusion protein. After incubation for 3-4 days at room temperature to allow the reaction to proceed to N 95% completion, the cleavage reaction mixture was diluted to 50 mL in buffer A (20 mM 1-methylpiperazine, 20 mM BisTris-HCl, and 10 mM Tris-HCl, pH 9.0) and loaded onto a 5-mL HiTrap Q Sepharose HP column (GE Healthcare). The column was washed with one column volume of buffer A and eluted with a linear gradient from buffer A to buffer B (20 mM 1-methylpiperazine, 20 mM Bis-Tris-HCl, and 10 mM Tris-HCl, pH 5.0). Peak fractions were pooled and exchanged into storage buffer (10 mM NaMops, pH 8.0, 50 mM NaCl, and 100 μM ZnCl 2 ) by three cycles of concentration [centrifugation through a 10-kDa filter (Amicon)] and dilution into storage buffer. For variants of AP that were expected to contain a bound Mg 2+ ion, 100 μM MgCl 2 was also included in the storage buffer. Purified protein was stored at 4°C. Typical yields for a 6-L culture were 30-40 mg of pure protein. Purity was estimated to be N 95% as judged by band intensities on Coomassie blue-stained SDS-polyacrylamide gels. Protein concentration was determined by absorbance at 280 nm in 6 M guanidine hydrochloride and 20 mM sodium phosphate, pH 6.5, using a calculated extinction coefficient of 31,390 M − 1 cm − 1 (or 32,675 M − 1 cm − 1 for variants with Tyr at position 322). 60 Mass spectrometry confirmed that the cleaved purified protein corresponded to AP residues 1-449.
An additional purification step was performed for proteins with severely compromised activity, such as R166S/E322Y AP, to remove contaminants that can interfere with measurement of low activities. After the amylose column and prior to Factor Xa cleavage, the fusion protein was purified on a HiTrap Q Sepharose HP column with the same pH gradient approach as described above for the final purification step. The fusion protein elutes in a peak that is well separated from where free AP would elute, thus removing contaminants that would copurify with free AP in the final purification step.
Atomic emission spectroscopy
Protein metal ion content was determined by equilibrium dialysis followed by atomic emission spectroscopy. Samples of E322Y AP were analyzed both as purified and after N 5-day incubations in ZnCl 2 solutions as described in the AP kinetics section. Four milliliters of ≥ 2 μM enzyme samples was dialyzed in 20 mM Tris-HCl, pH 7.4, 500 mM NaCl, and varying amounts of ZnCl 2 and MgCl 2 with Spectra/Por 7 dialysis tubing (10-kD molecular mass cutoff; Spectrum Labs). After three buffer changes, with at least 2-h incubations after each buffer change and a total dialysis time of at least 16 h, 3.6-mL samples of the dialysate were added to tubes containing 0.4 mL of 1 M ammonium acetate, pH 5.3, and analyzed by atomic emission spectroscopy with an IRIS Advantage/1000 radial ICAP spectrometer (Thermo Jarrell Ash, MA). Control samples of dialysis buffer were also measured in the same manner and used to correct for background. Amounts of zinc, magnesium, sulfur, and phosphorus were measured simultaneously. Amounts of protein were determined from sulfur content, and phosphorus content was measured to determine if the purified protein contained stoichiometric quantities of inorganic phosphate, as is known to be the case for WT AP. 61 The results are summarized in Table 1 .
WT AP analyzed in this manner gave a Zn/Mg/protein monomer stoichiometry of 2:1:1 in the presence or in the absence of added divalent cations, as expected (Table 1) . E322Y AP contained no detectable Mg above the background quantity present in dialysis buffers, even when 10 μM MgCl 2 was included in the dialysis buffer. As purified, E322Y AP contained only one equivalent of Zn per protein monomer, and after incubation for N 5 days in ZnCl 2 as described in AP kinetics, two equivalents of Zn were detected per protein monomer (Table 1) . No phosphorus above the background quantity was detected for any protein except WT AP, which contained the expected one equivalent of phosphorus per protein monomer (Table 1) . 61 Crystallization E322Y AP (at 9 mg/mL, in 10 mM NaMops, pH 8.0, and 50 mM NaCl) was crystallized at 20°C with the use of the hanging-drop method against 0.2 M NH 4 F, 16-22% PEG (polyethylene glycol) 3350, and 500 μM ZnCl 2 . Crystals were passed through a 30% glycerol solution in mother liquor and 1 mM ZnCl 2 (total) before direct immersion in liquid nitrogen.
Data collection
E322Y crystallized in space group P6 3 22 with one dimer in the asymmetric unit. Diffraction data were collected at the Advanced Light Source (Lawrence Berkeley National Laboratory) on beamline 8.2.2. To confirm the presence of two Zn 2+ ions in the active site, we collected data at the Zn absorption peak (1.2825 Å). Data were integrated and scaled using DENZO and SCALEPACK, respectively. 62 Five percent of the observed data were set aside for crossvalidation. Data statistics are summarized in Table 3 .
Structure determination and refinement 65 An anomalous difference map confirmed the presence of two Zn 2+ ions in the expected positions in the active site based on the structure of WT AP (Supplementary Fig. 1 ). This map indicated two additional Zn 2+ ions per AP dimer at crystal contacts on the protein surface. These Zn 2+ ions are not observed in other AP structures from any species and are most likely a consequence of the high ZnCl 2 concentration used during crystallization. These ions were poorly ordered (indicated 63 by B-factors of 80 Å 2 or higher) but were included in the refinement process due to the unambiguous peaks in the anomalous difference map.
Additional unexpected electron density in the active site was also observed in the 2F o − F c and F o − F c maps (Supplementary Fig. 2 ). The density appeared roughly tetrahedral and suggested the possibility that inorganic phosphate, which binds and inhibits E322Y AP with a K I of 21 μM, was bound in the active site. No phosphate was added to the crystallization conditions, and no phosphate copurified with E322Y AP (Table 1) . However, malachite green assay for phosphate (described above) and atomic emission spectroscopy for phosphorus revealed that the 50% PEG 3350 solution (Hampton Research) used for crystallization contained significant quantities of phosphate (∼ 400 μM phosphate in a 20% PEG 3350 solution). This quantity of phosphate was more than sufficient to fully occupy the E322Y AP active site at the concentrations of protein used for crystallization. We therefore included an active site-bound phosphate molecule in the model for E322Y AP.
Simulated annealing refinement was carried out using a maximum-likelihood amplitude-based target function as implemented in PHENIX, 66 resulting in an R-factor of 22.7%. Further refinement and water picking were carried out with PHENIX. Each stage of refinement was interspersed with manual corrections and model adjustments using Coot. A final round of refinement in PHENIX treated each monomer as an independent TLS group. The R and R free values for the final refined model were 18.1% and 24.4%, respectively. All structural figures were generated with POVScript+. 67 
AP kinetics
Values of the bimolecular rate constant k cat /K M were measured for WT and mutant forms of AP. Reactions were performed in 0.1 M NaMops, pH 8.0, 0.5 M NaCl, and 10 μM ZnCl 2 at 25°C in quartz cuvettes. For substrates containing 4-nitrophenolate leaving groups, formation of the product was monitored continuously at 400 nm using a Uvikon 9310 spectrophotometer. Reactions of alkyl phosphate substrates (mNBP 2− and MeP 2− ) were monitored using a malachite green assay to detect release of inorganic phosphate as previously described. 25 To detect low concentrations of inorganic phosphate, we modified the protocol slightly: 500-μL aliquots from the enzymatic reaction were quenched in 450 μL of malachite green solution, and 50 μL of a 34% sodium citrate solution was added after 1 min. After 30 min, absorbance at 644 nm was measured in a Uvikon 9310 spectrophotometer. All rate constants were determined from initial rates. k cat /K M values were obtained under conditions in which the reaction was shown to be of first order in both enzyme and substrate over at least a 10-fold range in concentration.
The k cat /K M value for the reaction of WT AP with MpNPP − was determined by conducting the reaction in the presence of 10-100 μM inorganic phosphate to ensure subsaturating conditions. 29 The k cat /K M value was calculated from the observed second-order rate constant with inhibition and the known inhibition constant for phosphate (K I = 1.1 μM at pH 8.0). 21, 29 In initial reactions of E322Y AP mutants, product-formation time courses exhibited pronounced upward curvature. The extent of curvature increased with increasing ZnCl 2 concentrations of up to 100 μM, suggesting that the purified protein was not fully occupied with two Zn 2+ ions per protein monomer. Partial Zn 2+ occupancy was confirmed by atomic emission spectroscopy. After extensive tests under a variety of conditions, we found that full Zn 2+ occupancy could be achieved by incubating enzyme (≤ 10 μM) in 20 mM Tris-HCl, pH 7.4, 50 mM NaCl, and 50 μM ZnCl 2 for N 5 days at room temperature. Enzyme activated in this manner contained two Zn 2+ ions per protein monomer (Table 1 ) and exhibited linear productformation time courses in reactions containing 10-100 μM ZnCl 2 . The protein was stable under these conditions for at least 1 month. Addition of 1 mM MgCl 2 had no effect on activity.
The K M value for the reaction of E322Y AP with pNPP 2− is ∼ 0.5 μM, which is too low to allow direct measurement of k cat /K M . Instead, k cat /K M was determined indirectly by measuring apparent second-order rate constants in the presence of 2-500 μM inorganic phosphate, a known inhibitor of AP. 21, 29 These data were fit to a model for competitive inhibition and yielded the value of k cat /K M in the absence of inorganic phosphate as well as the value of K I for inorganic phosphate ( Supplementary Fig. 4 ). The K I value thus determined (22 ± 10 μM) was identical with that measured independently for the reactions of MpNPP − (21 ± 1 μM) and bis-pNPP − (21 ± 4 μM), providing confirmation that the K I value used to determine k cat / K M for pNPP 2− was accurate. For the reaction of R166S/ E322Y AP with pNPP 2− , the K M value was 27 ± 11 μM, which allowed direct measurement of k cat /K M under subsaturating conditions.
Rate constants for E322Y and R166S/E322Y APcatalyzed reactions were determined at pH 8.0 for comparison with previously determined rate constants for WT and R166S AP. The rate constants for both WT and R166S AP decrease with increasing pH levels, with a pK a of 7.9 ± 0.1, possibly due to binding of hydroxide ion to the bimetallo Zn 2+ site. 21, 29 Decreases in observed rate constants at pH 8.0 for AP mutants could arise not only from decreases in the ability of the enzyme to catalyze the reaction but also from a shift in the basic limb of the pH profile to a lower pK a . We therefore determined the pH rate profiles for the reactions of E322Y and R166S/ E322Y AP with pNPP 2− over the range pH 7 − pH 10 (Supplementary Fig. 6 ) using buffer conditions previously described. 21, 29 The rate constants for E322Y and R166S/ E322Y AP reactions decrease with increasing pH levels, with pK a values of 8.5 ± 0.2 and 8.9 ± 0.2, respectively. Thus, the observed decreases in reactivity upon removal of the Mg 2+ site reflect real decreases in the catalytic proficiency of AP, not simply a shift in the basic limb of the pH profile to a lower pK a .
Only an upper limit for k cat /K M for the reaction of R166S/E322Y AP with mNBP 2− could be determined due to the presence of a contaminating activity that was present in multiple enzyme preparations. The contaminating activity was inferred based on differences between the vanadate inhibition of the mNBP 2− reaction and the inhibition observed for the pNPP 2− , MpNPP − , and bispNPP − reactions. Vanadate binds weakly to R166S/E322Y AP and oligomerizes at high concentrations, 68 which prevented precise K I measurements. However, it was necessary to use vanadate instead of phosphate as an inhibitor because observed rates for mNBP 2− hydrolysis reactions were determined by measuring production of phosphate. Vanadate inhibits the reactions of R166S/E322Y AP with pNPP 2− , MpNPP − , and bis-pNPP − with a K I of ≥1 mM. However, the observed reaction of R166S/E322Y AP with mNBP 2− was strongly inhibited by vanadate with a K I of ∼ 50 μM, indicating that the observed mNBP 2− hydrolysis activity arose from a contaminating enzyme. The upper limit for k cat /K M for the reaction of R166S/E322Y AP with mNBP 2− of 0.02 M − 1 s − 1 was estimated from the observed rate constant in the presence of 5 mM vanadate, corrected for expected inhibition of authentic R166S/E322Y AP at this vanadate concentration.
PDB accession code
Protein coordinates and structure factors for E322Y AP have been deposited in the PDB with accession code 3DYC.
